We describe passively Q-switched Er:LuAG laser characteristics at 1.65 μm for the first time, with MoS 2 and WS 2 as the saturable absorber, respectively. The saturable absorbers were both prepared with the liquid phase exfoliation method. A shortest pulse width of 1.1 μs was attained with the pulse repetition frequency of 41.6 kHz for the MoS 2 saturable absorber, resulting in the highest peak power of 4.33 W. For the WS 2 saturable absorber, a minimum pulse of 1.6 μs was gained with the pulse repetition frequency of 34.2 kHz and the calculated peak power of 4.13 W.
Introduction
Because it operates in the eye-safe band and the atmospheric window, pulsed bulk lasers around 1.6 μm have become the hotspot research and have rapidly been applied in topics such as coherent Doppler wind radar and remote sensing applications [1] - [3] . Meanwhile, the in-band pumping technology has been proved to be a significantly efficient method to generate the 1.6 μm laser [4] - [6] . Among the many laser candidate materials at the wavelength of 1.6 μm, Er:YAG crystal shows remarkably excellent properties for the high efficient and high pulse energy Q-switched solid state laser. By replacing the Y ions in Er:YAG with Lu ions, another isotropic crystal Er:LuAG was fabricated. Compared with Er:YAG crystal, the Er:LuAG has a higher melting point, higher damage threshold and larger stimulated emission cross section [7] , [8] . More importantly, the laser emission wavelength of Er:YAG crystal is centered at 1.65 μm, which can avoid the absorption peak 1645 nm of CH 4 and be very beneficial to its propagation in the atmosphere. Consequently, Er:LuAG was deemed to be an ideal alternative for Er:YAG crystal but has its unique features as well. However, there are relatively fewer author took insight in the Er:LuAG laser [7] , [9] . Setzler et al. demonstrated the actively Q-switched laser operation of Er:LuAG crystal, with single pulse energy of 0.52 mJ at 9 kHz. Recently, a single-longitude-mode laser operation of Er:LuAG was successfully achieved with the maximum output power of 153 mW at 1650 nm. Unfortunately, the passively Q-switched (PQS) laser characteristics of Er:LuAG crystal has not been investigated up to now.
As is known, the saturable absorber (SA) is the core component of the PQS laser, which usually seriously affects the pulsed laser performance such as pulse width and stability. Recently, the graphene-like 2-D materials have been used as SAs, because of their attractive optical and electrical properties [10] - [13] . As an outstanding member of 2-D materials, atomic-layered transition-metal dichalcogenides (TMD) represented by MoS 2 and WS 2 have been successfully applied as the optical SAs and several excellent records have been achieved [14] - [20] . It was interesting to note, boundary effects and edges can modify the absorption spectrum of TMDs [21] , [22] . Due to the large edge to surface area ratios of TMD flakes, a wideband saturable absorption below its bandgap can be aroused by the saturation of edge states, even in the Mid-IR wavelength regime. Therefore, we believe that TMD-based SAs possess high application potential in 1.6 μm pulsed laser. In addition, in contrast to the traditional Co:ZnSe and Cr:ZnSe SAs used at 1.6 μm which are wavelength sensitive [23] , [24] , the TMD SAs also have some other advantages, such as low cost and easy fabrication.
In this paper, high-quality SAs were successfully fabricated by spreading MoS 2 and WS 2 dispersions over YAG substrates, respectively. By employing these SAs, we have demonstrated PQS Er:LuAG laser for the first time to our best knowledge. At the absorbed pump power of 5.29 W, the shortest pulse width of 1.1 μs with the pulse repetition frequency (PRF) of 41.6 kHz and the shortest pulse width of 1.6 μs with the PRF of 34.2 kHz were generated, corresponding to the MoS 2 and WS 2 SAs. And the calculated pulse peak powers were 4.33 W and 4.13 W, respectively.
Optical Characteristics of MOS 2 and WS 2 SAS
The liquid phase exfoliation method was used to obtain multi-layer nanosheets, which were exfoliated from bulk materials by ultrasonic cleavage in an ethanol solvent. After centrifugation, the upper supernatant solution was separated as the sample. Both the dispersions of MoS 2 and WS 2 were drop-casted on Si wafers. Then the as-prepared samples were imaged with AFM (NanoScope E, Veeco), using a silicon nitride tip attached to a cantilever. and WS 2 ) and the corresponding height of sections. It can be seen from Fig. 1(a) that the MoS 2 nanosheets are stacked by three nanosheets which was inferred from corresponding three height profiles, and each nanosheet was estimated to be ∼15 nm. Assuming the thickness of a monolayer flake is ∼0.7 nm [14] , the number of layers can be calculated to be 21. In Fig. 1(b) , the height of sections ranged from 2 to 8 nm, corresponding to 3 to 11 layers for WS 2 .
To characterize the broadband absorption and the saturable absorption properties of the two materials, linear absorption and nonlinear transmission were measured. As showed in Fig. 2 , both MoS 2 and WS 2 have a broadband absorption property from 500 to 3000 nm measured by an UV/VIS/NIR spectrophotometer (U-4100, Hitachi, Japan). When wavelength is 1.65 μm, corresponding absorbances are 12% and 9%, respectively. Generally, excitonic peaks are often abserved in 674 nm for MoS 2 (thickness of less than 5 nm) [25] and 630 nm for WS 2 (thickness of about 5 nm) [26] . In our linear absorption plots, excitonic peaks are not clear at above locations. And the absorption phenomena can only be observed near 700 nm for both the materials, which are similar to the work in [13] . Relevant research shows that with increasing number of layers, the total emission intensity becomes significantly weaker and the excitonic absorption was found to gradually red shift due to geometrical confinement of excitons [27] . Therefore, the phenomena may be caused by the increasing thickness of our materials. In addition, the noisy peaks around 2.7 μm are from measurement noise. In addition, the inserts exhibited the nonlinear optical response of the two materials measured using the technique called balanced twin detector which is similar to the work in [28] , and the power ratio of two beams was calculated as the nonlinear transmission. The power-dependent transmittance T is fitted by T (F ) = 1 − T * exp (−F /F sat ) − α ns , where T is the absolute modulation depth, F is the incident fluence, I sat is the saturation fluence, and α ns is nonsaturable loss [29] . It can be found that the transmission varied with the rise of input pulse fluence and that the modulation depths of MoS 2 and WS 2 were 8% and 5.7%, with the nonsaturable losses of 4.5% and 3.5%; in addition, the corresponding saturation fluences of 2.5 and 5.6 mJ/cm 2 , respectively.
Experiment Setup and Results
The experimental apparatus of the PQS Er:LuAG laser is schematically shown in Fig. 3 . The employed Er:LuAG crystal is grown by Czochralski method with a doping concentration of 0.5% and the dimensions of 4 mm × 4 mm × 20 mm. Both surfaces of the gain medium were polished but no antireflection (AR) coated at pump and laser wavelengths. To remove the heat deposition effectively, the crystal was wrapped in an indium foil and water-cooled by a copper heat-sink, and the temperature of cooling water was kept at 15°C all the time. The pump source used in the experiment was a fiber-coupled LD operating around the central laser wavelength of 1532 nm with the linewidth of about 1nm at room temperature. The fiber core was 400 μm in diameter with a numerical aperture of 0.22, and the pump beam was reshaped into the gain medium through an optical collimation system with the spot diameter of 800 μm. The compact laser cavity consisted of two flat mirrors and its total length was fixed to 56 mm. The rear M1 was AR coated at 1532 nm and high reflection (HR) coated ranging from 1.6 μm to 1.7 μm. The output coupler M2 was coated with the transmission of 5% at 1.65 μm. A beam filter was arranged behind M2, making it possible to measure the output power and the pulses simultaneously. The PQS laser characteristics of Er:LuAG crystal was shown in Fig. 4 with the same output coupler of T = 5%, by using the MoS 2 and WS 2 SAs, respectively. For the pulsed operation of MoS 2 , the maximum average output power of 0.197 W was obtained with the central laser wavelength of 1650.1 nm at the absorbed pump power of 5.29 W, corresponding to the PRF of 41.6 kHz, and the threshold absorbed pump power was 2.83 W. When the WS 2 SA was used, the highest average output power of 0.226 W with the central laser wavelength of 1649.7 nm was attained with the PRF of 34.2 kHz and the threshold absorbed pump power of 2.41 W. We attributed the lower threshold pump power to the less loss of WS 2 SA than MoS 2 SA. No saturation phenomenon appeared in our experiment, which indicates that higher laser output can be gained if the pump power continued to be increased.
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The relation between the PRF and the pulse width with respect to the absorbed pump power was described in Fig. 5 . As can be expected, higher absorbed pump power resulted in higher PRF, however the pulse width became shorter gradually. When the absorbed pump power was increased from threshold to the maximum value of 5.29 W, the PRF was changed from 23.7 kHz to 41.6 kHz for MoS 2 SA pulsed laser. While for the WS 2 SA, the PRF value rised from 20.8 kHz to 34.2 kHz. On the other hand, the pulse width of MoS 2 SA laser decreased from 3.3 μs to 1.1 μs, corresponding to the PRF increasing from 23.7 kHz to 41.6 kHz. And the pulse width versus the PRF of WS 2 SA laser had the similar behavior. Under the maximum absorbed pump power of 5.29 W, the shortest pulse with of 1.6 μs was obtained for the WS 2 SA, at the PRF of 34.2 kHz, and the corresponding pulse energy and peak power were calculated to be 6.61 μJ and 4.13 W. It is pointed out that the minimum pulse width in our experiment was 1.1 μs with the PRF of 41.6 kHz, when the absorbed pump power was 5.29 W, resulting in the calculated pulse energy of 4.76 μJ and highest peak power of 4.33 W. Compared the pulsed characteristics of the two SAs in our experiment, the narrower pulse width of MoS 2 SA might because of its larger modulation depth [30] . Meanwhile, according to the theory of the PQS laser in [31] , higher peak power can be obtained by adding the modulation depth of the SA, which can be realized by means of adding the number of nanosheet films. The results indicated that the atomic-layered transition-metal dichalcogenides can be the promising SAs for solid state 1.6 μm laser. Fig. 6 (a) depicted a train of pulses with PRF of 41.6 kHz for MoS 2 SA pulsed laser and the fluctuation of the pulse amplitude was less than 5%, and Fig. 6(b) gave a typical pulse shape with the shortest pulse width of 1.1 μs at 1650.1 nm under the same condition. Compared with the other 2-D material SAs reported in the wavelength of 1.6 μm, the pulse duration of 1.1 μs obtained in our work has been a best result to the best of our knowledge [30] , [32] , [33] .
Conclusion
In conclusion, we have successful realized the PQS laser operation of Er:LuAG crystal at 1.65 μm for the first time, with the MoS 2 and WS 2 SAs, respectively, and the optical characteristics of MoS 2 and WS 2 SAs were also investigated. Under the absorbed pump power of 5.29 W, the shortest pulse width of 1.1 μs with the PRF of 41.6 kHz was obtained for the MoS 2 SA, corresponding to the calculated pulse peak power of 4.33 W. For the PQS laser operation of WS 2 SA, the shortest pulse width of 1.6 μs with the PRF of 34.2 kHz was generated, corresponding to the calculated pulse peak power of 4.13 W. The results sufficiently show that the atomic-layered transition-metal dichalcogenides could be the promising candidate for an optical modulator of pulsed 1.6 μm laser.
